This study compared the performance of volumetric modulated arc therapy (VMAT) techniques: single arc volumetric modulated arc therapy (SA-VMAT) and double arc volumetric modulated arc therapy (DA-VMAT) with the static beam conventional intensity modulated radiotherapy (C-IMRT) for non-small-cell lung carcinoma (NSCLC). Twelve stage I and II NSCLC patients were recruited and their planning CT with contoured planning target volume (PTV) and organs at risk (OARs) was used for planning. Using the same dose constraints and planning objectives, the C-IMRT, SA-VMAT, and DA-VMAT plans were optimized. C-IMRT consisted of 7 static beams, while SA-VMAT and DA-VMAT plans consisted of one and two full gantry rotations, respectively. No significant difference was found among the three techniques in target homogeneity and conformity. Mean lung dose in C-IMRT plan was significantly lower than that in DA-VMAT plan ( = 0.04). The ability of OAR sparing was similar among the three techniques, with no significant difference in V 20 , V 10 , or V 5 of normal lungs, spinal cord, and heart. Less MUs were required in SA-VMAT and DA-VMAT. Besides, SA-VMAT required the shortest beam on time among the three techniques. In treatment of early stage NSCLC, no significant dosimetric superiority was shown by the VMAT techniques over C-IMRT and DA-VMAT over SA-VMAT.
Introduction
Lung cancer is currently the most common cancer in the world and accounted for 16.8% of all cancer incidence and 28.8% of all cancer deaths in Hong Kong in 2010 [1] . Approximately 75% of all lung cancers belong to non-small-cell lung carcinoma (NSCLC) [2] . For patients with inoperable disease, a 6-7 week course of radiation therapy (RT) with or without chemotherapy is the standard treatment [3] . It has been proven that increasing the dose to the target results in better local control and survival in patients with NSCLC [4, 5] . However, conventional radiotherapy techniques often experience difficulty in dose escalation due to the inadequacy in sparing the adjacent normal tissues such as the surrounding normal lung tissue [6, 7] . The situation has now been improved with the recent introduction of the more advanced radiotherapy technologies such as the intensity modulated radiotherapy (IMRT). IMRT controls the intensity of individual beamlets across a radiation beam using the dynamic multileaf collimator (MLC) and delivers conformal dose to the target. Volumetric modulated radiotherapy (VMAT) is an advanced form of IMRT in which the gantry rotates round the patient during treatment in addition to the moving MLC. The main potential of VMAT is the shortening of treatment delivery time compared with the conventional IMRT. It is because one cycle of gantry rotation (arc) usually takes about 1-2 minutes and is expected to be adequate in producing the required dose distribution. Theoretically, increasing the total gantry rotation angle will improve the dose distribution, but the trade-off is the longer treatment time. However, it is still not certain whether VMAT has any definite dosimetric advantage over the conventional IMRT and increasing the arc number will improve the dosimetric outcome for early stage NSCLC patients. Therefore, our study was to compare the 2 Journal of Radiotherapy dosimetric performance of the VMAT with the conventional IMRT for early stage NSCLC patients. Besides, the dosimetric differences between single arc VMAT and dual arcs VMAT were also evaluated.
Materials and Methods
Twelve inoperable stage I and II (AJCC) NSCLC patients treated with conventional IMRT were recruited. The thorax region of the patients was scanned by CT-simulator with 3 mm slice thickness in supine position on a wing-board under normal breathing condition with arms rested on forehead. Gross tumor volume (GTV) was defined as gross tumor plus the lymph nodes greater than 1 cm in the shortaxis dimension. The clinical target volume (CTV) was the expansion of GTV with 5 mm margin and the planning target volume (PTV) was the expansion of CTV with transverse margin of 1 cm and longitudinal margin of 1-1.5 cm. Organs at risk (OARs) including the whole lung (excluding the PTV), ipsilateral lung (excluding the PTV), contralateral lung, spinal cord, and heart were also delineated.
All plans were prescribed with 60 Gy to 95% of PTV in 30 fractions. The planning objectives were to achieve the dose of PTV between a minimum dose ( min ) of 54 Gy and a maximum dose ( max ) of 66 Gy. The planning goals for OARs included maximum dose ( max ) to spinal cord < 44 Gy, less than 30% volume of normal lung (whole lung volume minus PTV) 20 Gy ( 20 < 30%) and less than 50% volume of heart receiving 40 Gy ( 40 < 50%). All treatment plans were planned by Eclipse treatment planning system (Version 8.5, Varian Medical System, Alto Palo, US) using beam data of the same Varian Clinac with 6 MV photon and Millennium 120 MLC system. For each patient, three treatment plans including conventional IMRT (C-IMRT), single arc VMAT (SA-VMAT), and double arc VMAT (DA-VMAT) were computed using the same dose objectives for PTV and OARs.
The C-IMRT plans consisted of 7 coplanar static beams using a dose rate of 400 MU/min. The majority of the beams were directed from the ipsilateral side to minimize the dose on the contralateral lung. The VMAT plans were computed using the same isocenter and dose constraints as in the C-IMRT plan. A collimator angle between 15 and 20 ∘ was used to provide better PTV coverage and minimize the tongue and groove effect. The maximum dose rate was set at 600 MU/min. The SA-VMAT plan was treated with one full gantry rotation from 180.1 to 179.9 ∘ in anticlockwise direction, whereas two full gantry rotations were treated with clockwise direction, first followed by anticlockwise direction as designed for the DA-VMAT plans. The dose distribution of a representative case is shown in Figure 1 .
Dosimetric information of each treatment plan was obtained from the dose volume histogram (DVH) of PTV and OARs. For the PTV, apart from the maximum, mean, and minimum doses, the conformity and homogeneity indices were used for the analysis. The conformity index (CI) was equal to PTV × PD /TV PD 2 , where PD was the volume of prescribed dose, PTV was the volume of PTV, and TV PD was the volume of PTV receiving the prescribed dose [8] . The value of CI ranged between 0 and 1.0, where a value of 1.0 would indicate perfect conformity. The homogeneity index (HI) was expressed as (D 2% -D 98% )/D 50% , where D 2% , D 50% , and D 98% represented the doses of 2%, 50%, and 98% of the PTV, respectively [9] . The smaller the value of HI is, the better the target dose homogeneity will be. For the OARs, different dose parameters were used (Table 1) , which were decided according to the type of organ and the clinical relevance of the dose-volume parameters. For example, the tolerance of whole heart was estimated to be 40 Gy [10] and 20 Gy to the lung tissue was believed to be a useful indicator of radiation induced pneumonitis [11] . In addition, the total monitor unit (MU) per fraction of each treatment plan was recorded from which the beam on time was estimated. For C-IMRT plans, the beam on time of each fraction is the total MU divided by 400 MU/min (dose rate). For VMAT plans, the beam on time All data analyses were conducted using SPSS (Release 18.0.3). Shapiro-Wilk test was first used to check the normality of data. One-way repeated ANOVA was used to test the significant difference among the three techniques. If < 0.05, the post hoc Bonferroni test was used to test the significant difference between two specific groups.
Results
The volume of the PTV in this patient cohort ranged from 105.0 to 419.5 cm 3 with a mean of 197.8 cm 3 . All treatment plans were successfully generated and satisfied the dose objectives of PTV and OARs. For the PTV, there was no significant difference in the dose distribution including the CI and HI among the three techniques ( Table 2) . For the OARs, no significant differences were found in the max of spinal cord; 20 , 10 , 5 of normal lung tissue; or mean and 40 of heart among the three radiotherapy techniques. Only the mean lung dose of the C-IMRT was significantly lower than the DA-VMAT plan ( = 0.047) ( Table 3) .
Comparing the average number of MU per fraction, the C-IMRT plan was significantly higher than the SA-VMAT and DA-VMAT plans ( = 0.001 and < 0.001, resp.); see Table 4 . No significant difference was found between the SA-VMAT and DA-VMAT plans ( = 0.091). In addition, the beam on time of C-IMRT plan was significantly higher than that of SA-VMAT plan ( < 0.001) but lower than that of the DA-VMAT plan ( = 0.008).
Discussion
The overall PTV dose distributions among the three techniques were similar in all the measuring parameters. This could be explained by the fact that the PTV was set at a relatively high priority compared with the OARs during the optimization process, and the dose outcomes were within the dose constraints of the PTV and therefore did not deviate significantly among all treatment plans.
For the OARs, the sparing of the spinal cord and heart was similar among the three techniques. The mean whole lung dose showed marginal differences among the three techniques in which the C-IMRT plans demonstrated a lower mean dose than the VMAT plans. Besides, 20 of the contralateral lung in the C-IMRT plan was also lower than that of SA-VMAT and DA-VMAT plans ( = 0.021 and = 0.012, resp.). The main reason of this finding was due to the characteristic of VMAT which involved continuous irradiation round the patient, whereas in the C-IMRT, static beams were directed mainly from the ipsilateral side. The rotational treatment in VMAT would result in relatively large volume of low dose region in the surrounding normal tissue when compared to IMRT [12, 13] and therefore lifted the mean dose to the normal lung tissues. Since it was reported that reducing the mean lung dose could lower the risks of radiation induced pneumonitis and secondary malignancies [14] , the C-IMRT was more advantageous in this aspect. Our result was in line with a similar study by Jiang et al. on advanced disease, who reported that there was a larger proportion of low dose irradiation to the contralateral lung and reduced treatment time for "partial arc VMAT" over IMRT [15] . It was interesting to note that our result did not demonstrate any obvious dosimetric advantage in the DA-VMAT over the SA-VMAT, though it was expected that dual arcs treatment could add more beam angles and allow more freedom for multileaf collimator positions to achieve the planning objectives. This was in contradiction with several dosimetric studies on head and neck cancers including nasopharyngeal carcinoma, where dual arcs VMAT improved target dose conformity and homogeneity over the single arc technique [16, 17] . This could be explained by the fact that targets of early stage NSCLC patients were much less irregular and complex compared with the head and neck malignancies. In the present study, all targets demonstrated relatively a rounded shape with little concavity, which could be adequately dealt with by the single arc VMAT and addition of an extra arc did not significantly improve the plan quality.
The relatively lower total MU in VMAT plans was an advantage which implied a reduction of overall radiation dose delivered to the patients. Obviously, the SA-VMAT plan that demonstrated the shortest beam on time would deliver the fastest treatment. Although the C-IMRT plan had a shorter beam on time than the DA-VMAT plan, the overall treatment time would still be longer because additional time was required to move the gantry in between each static beam in C-IMRT, which could roughly take an extra of 90-120 seconds for moving the other six beams in this 7-beam IMRT plan. One limitation of this study was the relatively small sample size. It is expected that more reliable results would be obtained with a larger cohort of patients.
Conclusion
This present study on early stage NSCLC patients showed different results from other dosimetric studies of the head and neck cancers mainly due to the less complex and irregular targets. Both conventional IMRT and VMAT were able to achieve satisfactory dosimetric outcomes and there was little difference among them in terms of target dose and OARs sparing. For the same reason, there was no dosimetric advantage of the DA-VMAT plan over the SA-VMAT plan. The SA-VMAT plan was recommended for this cohort of patients because the dose outcome of the SA-VMAT plan was comparable to the other two techniques and at the same time it offered the most efficient treatment, which would be a benefit for the patients and clinical department.
